Green plants play an important role in matter and energy transformations and are key messengers in the carbon and energy cycle. Vegetation net primary productivity (NPP) reflects the capability of plants to convert solar energy into photosynthate (fixed carbon). It can be used as a direct indicator of current status and future trend of ecological processes affected by human activities and climate variability, especially in fragile ecological environments such as karst areas where rock-desertification increasingly occurs.
INTRODUCTION
Green plants play an important role in matter and energy transformations and are key messengers in carbon and energy cycle. Vegetation net primary productivity (NPP), the amount of carbon fixed by plants, is a fundamental integrating process in all ecosystems (McNaughton et al., 1989) . Terrestrial NPP has been an important component of ecological studies since the 1960s. For example, in 1964, the International Biological Program (IBP) under the United Nations Educational, Scientific and Cultural Organization (UNESCO) made a series of large-scale measurements and produced a census of primary biomass production (Newbold, 1967) . NPP has not only served as a compelling indicator of earth surface system health (Running et al., 2000) ; it has also played a crucial role in the terrestrial carbon cycle (Field et al., 1998; Keeling et al., 1996) . Therefore, NPP and its response to changes in climate (whether under climate change or climate variability) has been a focus of global change research (Cramer et al., 1999) . Many of the earlier studies used historical data sets (Cao et al., 2003; Fang et al., 2003; Melillo et al., 1993; Nemani et al., 2003) . More recently, remote sensing has emerged as an advanced technology for monitoring vegetation dynamics, with numerous efforts made to incorporate remotely sensed data into NPP models and to estimate global NPP (Cao et al., 2003; Fang et al., 2003; Goetz and Prince, 1996; Prasad et al., 2006; Seaquist et al., 2003) . While these studies are geographically diverse, none explicitly address landscapes that include karst.
'Karst' refers to a type of terrain, usually formed on carbonate rock where groundwater has solutionally enlarged openings to form a subsurface drainage system. The Guizhou province in China is a 'Karst Province', where rock-desertification is becoming increasingly severe together with the 'karst-poverty' phenomenon. Because of these issues, there is an urgent need to investigate terrestrial material and energy cycles for sustainable regional development in karst areas. This paper explores the usefulness of NPP, particularly its ability to reflect the effect of changes in climate variables, as a suitable measure for this purpose. Therefore, the aim of this study is to derive the spatio-temporal patterns of monthly NPP in Guizhou province, and to explore the effect of climate variables on NPP under different scenarios.
DATA AND METHOD

Study area
Guizhou province covers 176,167 km 2 . It is located in the centre of the southwestern karst areas of China ( Figure 1a ). The karst areas account for 85% of the total area. The province is characterized by a mild wet climate with annual mean temperature of 15˚C and annual mean rainfall of 1200 mm (Xiong et al., 2002) .
Based on previous research (Wang et al., 2010) , 12 counties were defined as non-karst areas (Figure 1a ), being counties with less than 40% karst area and mostly dominated by forest (Figure 1b) . The remaining counties were classified as the karst areas. The differences in NPP between karst and non-karst areas were studied in this paper. 
Data source
In this study, all data were resampled to 1 km spatial resolution (being the resolution of the underlying remote sensing data) and projected to Albers Conical Equal-Area using ENVI and ArcGIS software. 
Remote sensing data
Climate data
Climate data were provided by the China Meteorological Administration and included rainfall, mean temperature, vapor pressure, relative sunshine duration, relative humidity and wind speed. The climate data layers were interpolated based on observed records (Wang et al., 2010) . Data layers for the variables in the future climate scenarios (temperature, rainfall and solar radiation) were derived by using constant scaling factors (2 ˚C for temperature, 6% for rainfall and 10% for solar radiation) to the current climate data layers.
Other geographic data
Basic geographic data layers were used, including a DEM, and boundary, terrain and vegetation (1:4,000,000) maps for Guizhou province.
Scenario design
Based on earlier research results (Wen et al., 1997) , three scenarios were designed for studying the spatiotemporal dynamics of NPP and its response to climate variables -one for current conditions and two for future conditions. The future scenarios are totally hypothetical, and assume no change in vegetation. Both have a 2˚C increase in temperature and a 6% increase in rainfall on the current conditions. The first scenario has no change in solar radiation (from current) and the second has a 10% increase in solar radiation, for the purpose of exploring the effect of solar radiation on NPP.
Modeling
Net primary productivity (NPP) is defined as the balance between the total amount of carbon assimilated by photosynthesis and the carbon consumed during plants' respiration (Gao and Liu, 2008) . The NPP can be divided into two parts: gross primary productivity and respiration (Equation 1)
where NPP (gCm -2 ) is net primary productivity, GPP (gCm -2 ) is gross primary productivity and R d (gCm -2 ) is respiratory consumption (Wang et al., 2010) .
GPP is calculated by the LUE model (Running et al., 2000) and requires irradiation, temperature and moisture as inputs (Equation 2)
where ε g is light use efficiency which is a constant of 2.76gC/MJ (Gao and Liu, 2003) ; Q PAR is incident photosynthetically active radiation (MJm -2 ) which requires DEM, vapor pressure and relative sunshine duration as inputs; FPAR is the fraction of photosynthetically active radiation (PAR) absorbed by vegetation using the MODIS/FPAR data directly; T is temperature (˚C), f 1 (T) is the influence of temperature on photosynthesis (Sun and Zhu, 2001) ; β is evaporation ratio, and f 2 (β) is the influence of moisture on photosynthesis which requires DEM, reflectance, rainfall, temperature, vapor pressure, relative sunshine duration, wind speed and relative humidity as inputs (Wang et al., 2010) .
The model used in this work has been validated to be suitable for NPP monitoring in Guizhou province (Wang et al., 2010) .
Statistical method
In order to study correlations between NPP and climate variables, single correlation (R) and partial correlation (PR) models were employed. R has been widely applied in many studies, so PR is discussed mainly in this paper.
Partial correlation can determine what the correlation between any two of the variables would be if the third variable was removed (held constant) (Lowry, 2007) . It can remove other factors' influences in a complex, interactive system. For example, given that rainfall is fixed, the partial correlation coefficient (PR) of NPP and temperature can be calculated using Equation 3:
Wang et al., Effect of climate variables on the modeling of vegetation net primary productivity in karst areas where N, T and R represent NPP, temperature and rainfall, respectively; r NT, r NR and r TR are the single correlation coefficients of NPP and temperature, NPP and rainfall, and temperature and rainfall, respectively.
RESULTS AND DISCUSSIONS
In this section, we report on the results of the NPP modelling. The first three subsections report on the spatiotemporal variations in monthly NPP and its correlations with climate variables, under the current condition scenario. §4 and §5 use these relationships as the basis for reporting on the effect on NPP of changing climate variables (temperature, rainfall and solar radiation) under the two hypothetical future scenarios.
Spatial distribution of NPP under the current condition scenario
The calculated mean annual NPP in Guizhou province is 421gCm -2 . This equates to an annual production from photosynthetic activity of 74×10 6 tC, which is about 3% of the total NPP in China.
There are very clear spatial patterns in NPP distribution over the study area (Figure 2a) . NPP values decrease from the southeast to the west. Most areas in the south/southeast are covered by subtropical evergreen broadleaf, needle leaf and savanna and show high biomass production with an annual NPP value of 400-600gCm -2 . The central areas have a lower annual NPP value of 200-450gCm -2 . This pattern is driven by severe rock-desertification, land cover and land use. The western areas are characterized by highest altitude, lowest temperature and less rainfall (than other parts of the province), all of which restrict the growth of vegetation. In these western areas, annual NPP values are generally below 400gCm -2 , and the lowest annual value of 200gCm -2 occurs in this region.
Annual NPP values in karst areas are generally lower than in non-karst areas. The annual values in karst areas are mostly below 450gCm -2 with a mean of 407gCm -2 , while those in non-karst areas range from 400-600gCm -2 with a mean of 462gCm -2 , which is about 13% higher than that of karst areas.
Temporal (monthly) variation of NPP under the current condition scenario
Under current condition, the maximum NPP values for both karst and non-karst areas occur in July ( Figure  2b ) when vegetation grows vigorously. The maximum value is 71gCm -2 month -1 for karst areas, which is 8% greater than for non-karst areas. The minimum values of 12gCm -2 month -1 and 17gCm -2 month -1 for karst and non-karst areas, respectively, occur in January when the temperature is lowest and vegetation growth is limited. It can be seen that the variation in NPP over the year is greater in karst areas than non-karst areas (Figure 2b ). This may be because karst areas with more croplands and grasslands have more obvious seasonal changes than non-karst areas spread with evergreen forests. 
Correlations between NPP and climate variables under current condition scenario
Quantifying correlations between climate variables and NPP is of particular research interest. Vegetation yield in a certain region is determined by light, heat and water. Many early climate models, such as the Miami model (Lieth, 1972) , the Thornthwaite model (Whittaker and Leith, 1976 ) and the Chikugo model (Uchijima and Seino, 1985) , were based on climatic variables, such as temperature, rainfall and evapotranspiration. In this subsection, the correlations between NPP and temperature, and NPP and rainfall, are quantified using the single and partial correlation coefficients described in §2.5.
Correlation between NPP and temperature
The single correlation R values and partial correlation PR values show similar variation trends, decreasing from the north to the south.
The R values in most areas are above 0.8, indicating that the correlation between NPP and temperature is relatively significant. Those areas with R values below 0.4 are in the southern and southeastern marginal counties. This may be because the temperature in these southern and southeastern marginal areas is relatively constant.
The PR values are generally slightly lower than the R values after removing the effects of rainfall (Figure 3a) , indicating rainfall has certain effect on vegetation growth. It can also be observed that the PR values in karst areas are higher than in non-karst areas.
Correlation between NPP and rainfall
The fact that R values are above 0.6 in most areas implies that rainfall is also a significant factor in vegetation growth. Compared with other areas, the western counties tend to be wetter in summer and drier in winter due to higher altitudes, lower temperatures and less rainfall. Vegetation growth in these areas strongly depends on rainfall. The R values are accordingly above 0.8 in these areas. The R values below 0.4 are in the southern and southeastern marginal counties as for temperature. This could be because rainfall is not a constraint to vegetation growth in these counties due to sufficient moisture supply throughout the year.
The PR values decrease after removing the effect of temperature (Figure 3b ), demonstrating that vegetation growth is impacted by both temperature and rainfall. However, there is a larger descending trend in NPP and rainfall than in NPP and temperature, indicating that temperature has the stronger influence on vegetation growth. The negative PR values (white in Figure 3b ), ranging from -0.4 to -0.6, indicate where vegetation growth is not restricted by moisture and has the strongest dependence on temperature. This may be due to hydrothermal asynchrony. In contrast to the correlation between NPP and temperature, PR values for NPP and rainfall in karst areas are somewhat lower than in non-karst areas. 
NPP response under future climate scenario one
The negative values derived by subtracting NPP under current condition scenario from future scenario one in most areas, especially in the south, indicate a declining trend under this scenario (Figure 4a ). Annual gross NPP decreases from 74×10 6 tC to 73×10 6 tC; and mean annual NPP decreases from 421gCm -2 to 413gCm -2 . This is a contrary to logical expectation that increased temperature and rainfall would result in an increase in NPP. This result points to the influence of other factors, such as evaporation and light stress effects. Counties with lower temperature and less rainfall tend to have an increase in NPP, indicating that temperature and moisture have a stronger (limiting) impact on vegetation growth in these areas. It can also be seen that the counties with an obvious decreasing trend are mainly in non-karst areas. The patterns of relative variation are similar to those of absolute variation, mostly -3% to +3% but below -3% in the south (Figure 4b ).
NPP response under future climate scenario two
Climate variables changes have greater impacts in karst areas than in non-karst areas under future scenario two (Figure 5a) . NPP shows about a 7% increase in the study area compared to under the current condition scenario, with annual gross NPP up to 79×10 6 tC and mean annual NPP up to 452gCm -2 . It can be seen that the obvious variation mainly appears in karst areas. The patterns of relative variation are similar to those of absolute variation (Figure 5b ). It is lower in the south than the north, ranging between 5% and 10%. The lowest values appear in southern non-karst counties, where the heat resources are most abundant with more rainfall and higher temperature. Therefore, the light energy is also one of the dominant factors affecting NPP in karst areas. 
CONCLUSIONS
Using MODIS imagery, climate data and observed radiation data, vegetation NPP in Guizhou province for the year 2001 was estimated. Under the current condition scenario, the mean annual NPP is 421gCm -2 . NPP in karst areas is 11.9% lower than in non-karst areas. The maximum and minimum NPP values occur in July and January, respectively, and the largest variation being in the karst areas.
There are strong correlations between NPP and climate variables: (1) Temperature is a key factor which significantly limits vegetation growth in the northwest. The correlation between NPP and temperature decreases from north to south, and is stronger in karst than non-karst areas. (2) The correlation between NPP and rainfall is most significant in the southeast and west, and is lower in karst than non-karst areas. This indicates that both temperature and rainfall are key impact factors on NPP, and that temperature has the greater impact on NPP in karst areas.
Under the first future scenario, annual NPP decreases from 74×10 6 tC to 73×10 6 tC; whereas under the second future scenario, annual NPP is up to 79×10 6 tC, an increase of 7% from current condition scenario. The results under both scenarios show that the larger increases in NPP mainly occur in karst areas, especially in areas with severe rock-desertification, and the light energy is also one of the dominant factors affecting NPP in karst areas.
This analysis of the interactions among three climate variables -temperature, rainfall and solar radiation has contributed to our understanding of their contributions to NPP, especially in karst areas. It has highlighted the probably significant role of evaporation and light stress effect and the need to extend the model to considering more factors in the further studies.
